Multi-approach studies combining modal, heavy mineral and garnet analyses of sandstones have been carried out on the Late Cretaceous Terasoma Formation and the Palaeogene Otonashigawa Accretionary Sequence (AS) of the Shimanto Belt in the Kii Peninsula, Southwest Japan. Modal compositions of the Terasoma Formation change upward from feldspathic wacke to lithic wacke. Heavy mineral assemblages also change upward from the one rich in zircon and garnet with epidote, titanite and allanite to the one rich in euhedral zircon. The garnets from the Lower Member are mostly almandine, low and intermediate P/T types with minor high P/T type and grandite. In the Middle Member, the proportion of low P/T type increases at the expense of high P/T type and grandite garnets. These trends suggest that Coniacian violent felsic magmatism took place and their products thickly roofed the basement rocks. Modal compositions of the Haroku formation in the Otonashigawa AS change upward from lithic wacke to feldspathic arenite. The heavy mineral assemblages of the lower members are rich in zircon and garnet accompanied by allanite and greenish-brown hornblende. Sandstones of the uppermost member contain abundant epidote, allanite and titanite. The chemical compositions of detrital garnets also show a decreasing trend of the pyrope-rich almandine (intermediate P/T type garnet) and an increasing trend of spessartine-rich almandine (low P/T type garnet) from the lower to upper members. A few grandites were extracted from the uppermost horizon. These data suggest that felsic volcanic products and intermediate to high grade metamorphic rocks are the probable sources of the Otonashigawa AS. Due to the successive erosion, granitic, low P/T metamorphic rocks and calcareous metamorphic rocks were exposed to the surface. Roofing and unroofing processes are especially suggested by changes of the proportion of euhedral zircon, allanite, spessartine-rich almandine garnet (L), high P/T garnet and grandite garnet.
Introduction
Capacious felsic volcanism covering a large area with thick piles of volcanic products is known as roofing (Kumon, 1985) . On the other hand, continuous erosion leading to exposure of rocks buried at depth is known as unroofing (Groves, 1931; Mansfield, 1979) . Systematic study of modal composition of sandstones in a vertical succession can provide valuable clues to unravel the roofing and unroofing events in the provenance (Mansfield, 1979; Kumon, 1983 Kumon, , 1985 Kusunoki and Musashino, 1989; Oyaizu and Kiminami, 2004) . Such changes in the source area can be substantiated from the nature and chemical composition of the heavy minerals present in the sandstones (Chaundhri, 1972; Obayashi, 1995; Udden and Lundberg, 1998) .
The Shimanto Belt in the Kii Peninsula, southwestern Japan is composed of a number of accretionary prisms and forearc basin sediments (Terasoma Formation), ranging in age from late Early Cretaceous to Early Miocene. Multiple approaches comprising modal, heavy mineral assemblages and chemical composition of garnets of the sandstones have revealed the changes in the composition from the Late Cretaceous Terasoma Formation and the Palaeogene Otonashigawa Accretionary Sequence in the Shimanto Belt, and these changes have been attributed to a roofing and an tionary sequence (AS) (Suzuki and Nakaya, 2012) . This Subbelt consists of the Otonashigawa (Paleocene to Early Eocene) and the Muro ASs (Middle Eocene to Early Miocene) (Fig. 1) .
The Terasoma Formation (Turonian to Early Campanian) is situated in the northwestern margin of the Hidakagawa Subbelt (Fig. 1) . Due to the presence of abundant megafossils like Inoceramid and Ammonites as well as coherent stratigraphy, it is believed to be deposited in a forearc basin. The formation is divided into three members, i.e., the Lower, Middle and Upper members (Figs. 2 and 3) (Kishu Shimanto Research Group, 1983) . The Lower Member is composed mainly of shale, and shale-dominated alternating beds of sandstone and shale accompanied with pebbly shale and sandstone. The Middle Member consists of bedded sandstones with intercalated shale layers. The Upper Member comprises dominantly shale with subordinate sandy laminae.
The Otonashigawa AS extends in east -west direction as a long narrow belt in the northern margin of Hikigawa Subbelt (Fig. 1) . On the basis of dominant lithology, the Otonashigawa AS is divided into the Uridani and Haroku Formations from bottom to top (Fig. 4) (Hatenashi Reseach Group, 1980) . The Uridani Formation is composed of grey, green and red shale with insignificant greenstones. The Haroku Formation is subdivided into the Lower and Upper Members. The former is mainly composed of interbedded sandstone and shale, and the latter consists of thick sandstone and conglomerate beds. The Haroku Formation forms thickening and coarsening-upward sequence (Fig. 5) . The Otonashigawa AS has been interpreted as submarine fan deposit accumulated at the mouth of a submarine canyon debouched into a trench basin (Nakaya and Sakamoto, 2012) .
Methodology
A total number of thirty fine-to medium-grained sandstone samples, sixteen from the Terasoma Formation and fourteen from the Otonashigawa AS were collected during field study (Figs. 3 and 5) . Thin sections for modal analysis were made parallel to bedding plane. The modal compositions of sandstones were determined by point-counting method, counting 500 points per thin section under the polarized microscope following the traditional method of Kumon and Kiminami (1994) . The sandstones were classified following the scheme of Okada (Okada, 1971) .
The heavy mineral analysis was made following the method proposed by Sato and Suzuki (1991) modified by Bessho (1997) . The finely-crushed sandstones were sieved on a standard sieve of 60 mesh (250 µm) size and the heavy minerals were separated by gravity setting method using tetrabromoethane of specific gravity 2.97 as heavy liquid. The heavy mineral were mounted on a glass slide and identified under polarizing microscope by their diagnostic How are the roofing and unroofing processes reflected in sandstone composition? 5 optical characters. Identification of grains has been continued until the number of transparent heavy mineral attains about four hundred per slide. The non-transparent minerals were treated as opaque heavy minerals without detailed identification.
Detrital garnet grains were picked up from the heavy fraction under binocular microscope. Slides for chemical analysis were made following Adachi et al. (1995) . Chemical analysis of garnets were made by energy dispersive spectrometer (JSM-5500) of Osaka City University, op- Garnets were analyzed for 7 elements Si, Al, Ti, Fe, Mn, Mg and Ca. The ratio of Fe 2+ and Fe 3+ was calculated presuming garnet stoichiometry. The end-member calculations were made following Deer et al. (1992) . A total number of 443 grains were analyzed from the Terasoma Formation, 249 grains in 3 samples from the Lower Member and 194 grains in 3 samples from the Middle Member (Fig. 3) . From the Otonashigawa AS, a total number of 458 grains were analyzed from the Haroku Formation, 167 grains in 2 samples from the lower part of the Lower Member and 291 grains in 3 samples from the upper part of the Lower Member to the Upper Member (Fig. 5) .
Results

Terasoma Formation
Modal compositions of the sandstone from the Terasoma Formation are plotted on the QFR (quartz − feldspar − rock fragments) and QPK (quartz − plagioclase − potash feldspar) ternary diagrams (Fig. 6) . Almost all sandstones are wackes with more than 15% of matrices (Okada, 1971) . There are clear differences between the modal composition of sandstones from the Lower Member to the lower part of the Middle Member (T-01-08) and the upper part of the Middle Member to the Upper Member (T-09-16). The former is classified as feldspathic to lithic wackes, while the latter are only lithic wackes (Fig. 6) . Moreover, the former is rich in potash feldspar and granitic rock fragments and the latter is rich in felsic volcanic rock fragments on the amount of which content increases upward.
Heavy mineral constituents of the sandstone from the Terasoma Formation are opaque mineral (36.6%, on average), euhedral zircon (34.9%), rounded zircon (12.3%), garnet (8.7%), allanite (1.7%), anatase (1.6%), epidote (1.1 %), and titanite (0.7%) with minor amounts of spinel, zoisite, rutile, barite, micas, chlorite, apatite, monazite, common hornblende, hypersthenes and moissanite. Compositions of major transparent heavy minerals are shown in Fig.  7 . Heavy mineral assemblages of sandstones from the Lower Member to the lower part of the Middle Member are rich in zircon and garnet with subordinate amounts of epidote, titanite, tourmaline and allanite. Bessho (2000) named the combination of these heavy minerals as type IV. The heavy mineral assemblages of the upper part of the Middle Member and the Upper Member are rich in zircon with minor amounts of garnet and anatase (Type II). The change in the heavy mineral assemblages occurs rapidly and characteristically, with an abrupt disappearance of allanite and diminution of garnet, tourmaline, epidote and titanite.
The chemical compositions of garnets from the sandstone from the Terasoma Formation are shown in the (Sps + Grs + Adr)− Prp − Alm, (Grs + Adr) − Sp − (Prp + Alm) and Mn − Mg − Ca ternary diagrams (Teraoka et al., 1998) (Fig. 8) . The almandine garnets of the Lower Member (T-a, b, c) are rich in spessartine component with some amounts of grandites. On the other hand, the Middle Member (T-d, How are the roofing and unroofing processes reflected in sandstone composition? 7 
Haroku Formation in the Otonashigawa accretionary sequence
Modal compositions of the sandstone from the Haroku Formation in the Otonashigawa AS are plotted on the QFR and QPK ternary diagrams (Fig. 10) . On the basis of modal composition, the sandstones from the lower part of the Lower Member (Ol-1 to 5) are classified as feldspathic wacke or lithic wacke with average matrix content of 16.8%. On the other hand, the sandstones from the upper part of the Lower Member and the Upper Member (Ol-7 to 18) are inferred to be feldspathic arenite with average matrix content of 7.3%. The former is rich in felsic volcanic rock fragments and the latter is dominated by monocrystalline quartz grains.
Heavy mineral assemblages from the Haroku Formation are opaque mineral (34%, on average), euhedral zircon (38.9 %), garnet (13%), rounded zircon (6.1%), allanite (5.3%), titanite (0.9%), epidote (0.8%), titanite (0.9%), chlorite (0.9 %), tourmaline (0.8%), epidote (0.8%), rutile (0.8%) and anatase (0.6%) with minor amounts of barite, micas, spinel, common hornblende, zoisite, hypersthene, monazite and moissanite. Compositional ratios of transparent heavy minerals are shown in Fig. 11 . Heavy mineral assemblages from the lower part of the Lower Member are composed mainly of zircon, garnet (Type II) and greenish-brown common hornblende. On the other hand, the upper part of the Lower Member and the Upper Member contain abundant allanite accompanied with epidote and titanite (Type IV) without greenish-brown common hornblende.
The chemical compositions of garnets from the Haroku Formation are plotted on 3 types of ternary diagrams ( Bessho (2000) . E-Zrn: euhedral zircon, R-Zrn: rounded zircon, Tur: tourmaline, Grt: garnet, Ep: epidote, Aln: allanite, Ttn: titanite, Ant: anatase and Oth: others. Labels II and IV indicate the heavy mineral types (Bessho, 2000) . Bessho (2004) . The classification of sandstone is adopted for the Okada' s scheme (Okada, 1971) . Q: Quartz, F: Feldspar, R: Rock fragments, P: Plagioclase and K: Kfeldspar.
whereas the latter stage is dominated by the abundance of low P/T type (L) garnets (Figs. 12 and 13).
Discussion
Roofing process in the Terasoma Formation
The mid-Cretaceous Terrane arrangement of Southwest Japan is controversial (Isozaki and Itaya, 1991; Takagi and Shibata, 2000; Tazawa, 2000; Yamakita and Otoh, 2000; Yao, 2000) . It is thought that the Hida-Oki and Sangun Belts, the pre-Jurassic Akiyoshi, Maizuru and Ultra-Tamba Belts and the Jurassic Mino-Tamba Belts existed to the north of the Median Tectonic Line that served as the source rocks of the Terasoma Formation (Nishimura, 1998; Takagi and Shibata, 2000; Takagi and Arai, 2003; Yamakita and Otoh, 2000) . The Chichibu and Kurosegawa Belts were exposed south of the tectonic line.
The sandstone composition of the Terasoma Formation changes abruptly in the lower part of the Middle Member. The sandstones below this horizon are feldspathic and lithic wackes rich in potash feldspar and granitic rock fragments in addition to heavy minerals like allanite, epidote and titanite. These minerals and rock fragments are supposed to be derived from granitic rocks. The average amount of garnets from the sandstones below this horizon is 14.1%. They are mainly composed of low P/T (L) type with intermediate P/T type (Ia), high P/T type (H) and grandite (G). Ig1 and Ig2 type garnets are hardly encountered. Paleocurrent analysis deduced from current structures indicates existence of the hinterland to the north (Kishu Shimanto Research Group, 1983) . The origin of low P/T (L) type garnet is considered to be low-grade metamorphic rocks and granitic rocks (Teraoka et al., 1998) . The garnets from the Ryoke Belt which consists of granitoids and low-P/high-T type metamorphic complex (Okudaira, 1996) are mostly low P/T (L) type (Teraoka et al., 1997; Fig. 14d ). The gravels of granitic and metamorphic rocks present from the Coniacian Matsubara and Goryo Formations which belong to the Chichibu Belt present in the north of the Terasoma Formation (Miyamoto, 1980) . Considering the chemical and mineralogical characteristics of the gravels, Kano (1969 Kano ( , 1970 opined that these gravels might have been derived from the Ryoke Belt. However, the ages of these gravels are yet to be known. The CHIME ages of monazites from the Ryoke gneiss have been dated at 102-98 Ma, while those from western and eastern parts of the Ryoke granite have been dated at 95-85 Ma and 92-68 Ma respectively. It is most likely that the ages of Ryoke gneiss indicate the first attainment of lower facies and the ages of the Ryoke granite show the emplacement of the pluton (Suzuki and Adachi, 1998) . Considering these age figures, it seems difficult to ascertain that Low P/T (L) type garnet in the Lower and Middle Member of the Terasoma Fomation (Turonian to Cenomanian; 94-86 Ma) were derived from the Ryoke Belt. Teraoka et al. (1999) and Teraoka (2003) have opined that the low P/T (L) type garnets in the strata deposited before the Ryoke Metamorphism were derived from the eastern Asia Continent. The Terasoma Formation deposited in forearc basin and the paleocurrent analysis suggests derivation of the sediments from northerly situated source close to the depositional basin rather than the remotely placed the eastern Asia Continent. On the other hands, the Paleo-Ryoke Belt which has been supposed to exist as nappe overlying the Sambagawa and north Chichibu Belts was composed primarily of Permian granitic rocks with hornfels and mid-Cretaceous metamorphic rocks and granitic rocks (Takagi and Arai, 2003) . The Permian granitic rocks, midCretaceous metamorphic rocks and mid-Cretaceous granitic rocks have been dated at 277-250 Ma (K-Ar age), 126-118 Ma (CHIME monazite age) and 113-105 Ma (K-Ar age) respectively. The garnets of the constituents of the Belt are L, Ia, Ig1 and G types (Fig. 14c) . Thus, it seems reasonable to presume that the low P/T (L) type garnets of the Terasoma Formation have been derived from the low P/T metamorphic and granitic rocks of the Paleo-Ryoke Belt. Kyaw Soe Win et al. (2007) (Figs. 14a, b , and e). The H type garnets, on the other hand, are thought to have been originated from high grade metamorphic rocks (Teraoka et al., 1998) like the Hida, Sangun, Hida Marginal and Kurosegawa Belts (Figs. 14a, b , and e). The H type garnets of the Terasoma Formation, which contain appreciable amount of Mn are believed to have been derived from the metamorphic rocks of the Sangun Belt (Figs. 8 and 14b ). The G type garnets originating from impure calcareous metamorphic rocks might have been derived mainly from the Hida Metamorphic Belt that contains large amount of crystalline limestone. They might also have been derived from calcareous schist of the Hida Marginal Belt and calcareous hornfels of Paleo-Ryoke Belt (Figs.14b and c) . The Ig2 type garnets, which have not been reported from the metamorphic rocks in the Japanese Islands, are present in the eastern Asian Continent of Archean age (Teraoka, 2003) suggesting that these garnets might have been derived from Precambrian gneiss in the eastern Asian Continent. Since Ig2 type garnets are common in the Terasoma Formation, but have been reported from the pre-Jurassic and Jurassic Accretionary Complexes in the Inner Zone and Chichi Belt (Teraoka, 2003) , it is likely that they were reworked from these older accretionary complexes.
In the upper part of the Middle Member and the Upper Member of the Terasoma Formation, allanite suddenly disappears and epidote and titanite occur at reduced quantity. Moreover, the proportion of euhedral zircon and lithic fragments increases making the sandstones lithic wacke. These mineralogical and petrological changes in the sandstone composition possibly suggest felsic volcanism in the hinterland. This presumption is attested by the presence of intercalated felsic tuffs above the lower part of the Middle Fig. 9 Relative ratios of the compositional types of detrital garnet from the Terasoma Formation. Abbreviations are same as in Fig. 8 . Member. The process by which the volcanic rocks cover large area of the older basement rocks is known as roofing (Kumon, 1985) . The above mentioned roofing process recorded in the Terasoma Formation took place in Coniacian time and corresponds to the Late Mesozoic felsic volcanism in the Inner Zone of Southwest Japan. This volcanism was violent and massive, and its products had covered large part of the Inner Zone from Yamaguchi to Nagano prefectures. Subsequently, the products of felsic volcanism were rapidly eroded and accumulated in nearby basins. The percentage of detrital garnet rapidly decreases to as low as 3.7% after the volcanism. The proportion of intermediate P/T (Ia), high P/T (H) and grandite (G) type garnets decrease, while the amount of low P/T (L) garnets increases. Moreover, the amount of intermediate P/T (Ia) garnet little decreases. Considering these change of garnets, it is inferred that the thick cover of volcanic products interrupted the supply of detritus from metamorphic rocks such as the Hida (Ia and G type garnets), Hida Marginal (Ia, G and H type garnets) and Sangun (H type garnet) metamorphic rocks. As result, the supply from the Paleo-Ryoke Belt increased resulting in frequency of low P/T (L) type garnet (Fig. 9) . The Mn content of the low P/T (L) type garnet from the middle Member of the Terasoma Formation is larger than that of the lower Member (Fig. 8) . It is a fact that the Mn contents of low P/T (L) type garnet of pelitic gneiss, granite, and pegmatite (aplite) tend to occur in increasing order of abundance (Teraoka et al., 1997; Kyaw Soe Win et al., 2007) . Hence, it is mostly likely that Mn-rich low P/T (L) type garnets from the middle Member of the Terasoma Formation were derived from the Late Mesozoic felsic volcanic rocks in the Inner Zone.
Unroofing in the Otonashigawa accretionary sequence
The west-southwesterly paleocurrents of the Otonashigawa AS suggest existence the major hinterland to the northnortheastly of depositional basin (Hatenashi Research Group, 1980) . Yamakita and Otoh (2000) estimated the lateral displacement along the younger Median Tectonic Line to be about 500 km during late Cretaceous. Miyata et al. (1980) , on the other hand, estimated the displacement of about 15 km during Paleogene. Hence, the terrain arrangement of southwestern Japan in the Paleogene was almost similar to that at the present. Judging from the above, the possible source rocks of the Otonashigawa AS are inferred to be: the Hida-Oki and Sangun Belts, the Akiyoshi, Maizuru and Ultra-Tamba Belts prior to Jurassic, the Jurassic Mino-Tamba Belts and Ryoke Belts in the Inner Zone, moreover, the Sambagawa, Chichibu and Kurosegawa Belts in the Outer Zone. Huge products of the Late Mesozoic felsic volcanism is thought to have broadly covered the older rocks in the Inner Zone. As mentioned previously, the sandstones from the lower part of the Lower Member are dominated by felsic volcanic fragments and contain a little greenish-brown common-hornblende. Both felsic volcanic fragments and hornblende are considered to have been derived from the Late Mesozoic felsic to intermediate volcanic and pyroclastic rocks in the Inner Zone. Garnets in the sandstones from the lower part of the Lower Member are composed mainly of low P/T (L) type with intermediate P/T type (Ia, Ig1 and Ig2). High P/T type (H) garnets are negligible in quantity (Fig. 12, 13) . The Izumi Group (Campanian to Maastrichian) covers the Ryoke Belt unconformably and the garnets are mostly L type (Teraoka et al, 1998) . Hence, it is supposed that the Ryoke Belt have been exposed in its southern margin at the depositional stage of the Izumi Group (Okudaira and Suda, 2011) . For reasons mentioned above, Low P/T (L) type garnets in the Haroku Formation (Paleocene to Early Eocene) were possibly derived from the Ryoke Belt. Mnrich ones in Low P/T (L) type garnets seem to be originally from the Late Mesozoic felsic volcanic rocks in the Inner Zone. The Ia and Ig1 type garnets are presumed to have been derived from the Hida-Hida Marginal and Kurosegawa Belts (Fig. 14a, b , and e), while the Ig2 type garnets were supposed to have been derived from Precambrian gneiss in the eastern Asian Continent (Teraoka et al., 1999) . The presence of minor amount of Ig2 type garnet might have been derived from the older accretionary complexes in the Inner Zone and the Chichi Belt by reworking (Figs. 12, 13 ).
H type garnets contained in high grade metamorphic rocks (Teraoka et al., 1998) are hardly detected. Hence, it is likely that the Sambagawa Belt which contains only garnets H type garnets (Teraoka et al., 1997) was not been exposed in the hinterland.
On the other hands, the feldspathic arenite from the upper part of the Lower Member and the Upper Member are rich in epidote, allanite and titanite (Figs.10 and 11) . Moreover, the proportion of low P/T (L) type garnet increases and the one of intermediate P/T type (Ia, Ig1) garnet decreases. A few grandite are detected from the uppermost part of the Upper Member (Figs.12 and 13) . Judging from the above, it is inferred that the overlying volcanic rocks and pyroclastics were removed by erosion and underlying granitic and metamorphic rocks were exposed in the hinterland. These underlying rocks are thought to be equivalent to the RyokeSanyo Granitic and Ryoke Metamorphic Rocks. This presumption is supported by the presence of clasts of granite, gneiss and hornfels in the Kizzekyo conglomerate at the top of Haroku Formation (Tokuoka, 1966) . The exposure of the Ryoke Belt could be responsible for increase of low P/T (L) type garnet and a relative decrease of Ia and Ig1 types garnet. The garnet grains of grandite are presumed to have been derived from calcareous metamorphic rocks of the Hida Belt. The Kizzekyo conglomerate also contains clasts of sandstone, chert, limestone and felsic volcanic rocks in addition to granite, gneiss and hornfels (Tokuoka, 1966) . The former three are presumed to have been derived from the older accretionary complexes like the Mino-Tamba, Chichibu Belts, while the latter might have been derived from the Late Mesozoic felsic volcanic rocks in the Inner Zone. Owing to the progressive denudation and resultant exposure of deeply buried rocks known as unroofing (Groves, 1931; Mansfield, 1979) , felsic volcanic products were removed and underlying granitic rocks, low P/T metamorphic rocks, minor calcareous metamorphic rocks and sedimentary rocks cropped out in the hinterland of the Otonashigawa AS in early Eocene time. By the way, most of the sandstones of the Muro AS ranging in age from Middle Eocene to Early Miocene are richer in monocrystalline quartz than the Otonashigawa AS. The conglomerates of the Muro AS are dominated by both sedimentary and felsic volcanic rock clasts with subordinate amounts of granitic rocks (Kumon, 1983; Kumon et al., 2012) . The above observations suggests that the unroofing progressed further entering into Middle Eocene. 3. Recognition of roofing and unroofing from heavy mineral features As stated previously, Kumon (1985) called the event of the covering over the hinterland by huge volcanic products How are the roofing and unroofing processes reflected in sandstone composition? 13 as roofing. On the contrary, the process that deeply buried rocks are cropped out by denudation called as unroofing (Groves, 1932; Mansfield, 1979) . As for the unroofing processes, there are the following examples made from a viewpoint of modal composition of sandstones and conglomerate composition. Mansfield (1979) , while investigating the sandstone composition of the Great Valley sequence in California ranging in age from Late Jurassic to Late Cretaceous, observed that the quantity of potash feldspar and quartz increase upward at the cost of lithic fragments. He referred these changes be due to unroofing process from volcanic to plutonic rocks in a magmatic arc setting. There are following examples in Japan. Kumon (1983) inferred unroofing from the temporal increase of quartz grains in the sandstone and gravels of older sedimentary rock and granitic rock in the Paleogene sandstones of the Shimanto Belt in the Kii Peninsula and eastern Shikoku. Kusunoki and Musashino (1989) studied the sandstones from the Tamba Belt in the Inner Zone, and found that they progressively change in composition from feldspathic-and lithic-wackes to quartz arenites from the Late Triassic to Jurassic time. They inferred that the deeperseated plutonic rocks were exposed by progressive denudation during the Middle Jurassic. Oyaizu and Kiminami (2004) , who examined the Paleogene sandstones of the Shimanto Belt in western Shikoku, observed that the sandstones from the early-middle Eocene Kaji Formation are rich in felsic volcanic fragments and poor in the fragments of granitic rock, whereas those from the middlelate Eocene Inomisaki Formation are poor in felsic volcanic fragments and rich in quart and granitic rock fragments. They presumed that erosion of volcanic rocks led to the exposure of deep seated granitic rocks in the hinterland. Concerning to roofing, Kumon (1983 Kumon ( , 1985 observed that the proportion of felsic volcanic rock fragments in sandstones of the Shimanto Belt in Kii Peninsula and eastern Shikoku increases upward with passage of time from Cenomanian to Turonian. He attributed this compositional change to the roofing process in the source area. Frequent intercalations of tuff layers in the Late Cretaceous strata suggest large scale volcanic activity contemporaneous with sedimentation in a forearc basin during late Cretaceous. Thus, it can be summarized that unroofing process in the present study can be inferred from the change of sandstone composition from the feldspathic-and lithic-wackes rich in felsic volcanic rock fragments to quartz arenite rich in potash feldspar and quartz grains, whereas roofing can be documented by upward increase of the proportion of felsic volcanic rock fragments.
On the other hand, systematic study of heavy minerals can be also be used as guides to roofing and unroofing events in source area. Chaundhri (1972) , while investigating heavymineral assemblages of the Siwalik Formation in the northern Himarayas ranging in age from Helvetian to Cromerian, observed that heavy mineral compositions changed from staurolite to kyanite and sillimanite in ascending order. This compositional change was attributed to an exposure of deep-seated high-grade metamorphosed rocks in the source area by progressive erosion. Uddin and Lundberg (1998) , who studied the heavy minerals of Upper Miocene to Pleistocene sediments in the Bengal basin, pointed out that unroofing had proceeded from the surface sedimentary rocks to deeper-seated metamorphic rocks with gradual increase of kyanite and sillimanite. Obayashi (1995) studied the chemical compositions of detrital garnets in the sandstone from Jurassic Tetori Group and the garnets which contain 30% pyrope component in average show an increase of pyrope content with time. It was inferred that the transition was due to the denudation of metamorphic rocks. As mentioned above, the temporal transition in content of specific heavy minerals like staurolite, kyanite, sillimanite or pyrope-rich almandine might be effective for recognition of unroofing. The former three minerals are rarely contained in the sandstones of the Japanese Islands. Hence, these minerals seem to be ineffective for the recognition of unroofing in the sandstones of the Japanese Islands.
In the present study, a roofing process has been indicated by the decrease of the proportion of allanite, epidote, titanite, high P/T garnet and grandite garnet and increase in proportion of euhedral zircon and anatase in the Terasoma Formation. On the other hand, unroofing has been shown Fig. 13 Relative ratios of the compositional types of detrital garnet from the Otonashigawa AS; quoted from Bessho and Nayaka (2011) . Abbreviations are same as in Fig. 8 . (Asami, 1979; Hoshino, 1979; Suzuki, 1979; Suzuki and Osakabe, 1982. (b) Sangun Belt (Hashimoto, 1968; Kano, 1981; Karakida, 1987; Tsujimori, 1988) , Hida marginal Belt (Banno, 1958; Ito, 1977 Ito, , 1979 Miyagawa, 1982; Nakamizu et al., 1989) . (c) Constituents of the Paleo-Ryoke Belt (Takagi and Shibata, 2000) ; Higo Belt (Karakida and Yamamoto, 1982; Maki et al., 2004; Osanai et al., 1998; Owada et al., 2005; Yamamoto, 1962; Yoshimura, 1995; Editoral Committee of Ogawa Town History, 1999) , Oshima metamorphic rocks (Shikano et al., 1990) , Maana Belt (Takeda et al., 1993) , Kinshozan and Yorii metamorphic rocks (Arai et al., 2000; Takagi, 1991) . (d) Ryoke Belt Enami, 1988; Endo and Yamazaki, 2013; Ono, 1977; Nureki et al., 1982) . (e) Kurosegawa Belt (Hayama, 1959 (Hayama, , 1976 Karakida et al., 1979; Miyachi, 1969; Yoshikura, 1977 Yoshikura, , 1985 Yoshikura and Yoshida, 1979; Yoshikura et al., 1981) .
by increasing trend of allanite, epidote, titanite, spessartinerich almandine garnets (L) and grandite garnet in the Otonashigawa AS. To sum up, roofing and unroofing are especially detected by an increase or a decrease of the content of euhedral zircon, allanite, spessartine-rich almandine garnets (L), high P/T garnet and grandite garnet. These changes of heavy mineral assemblages and the chemical compositions of detrital garnets can provide a tool to recognize roofing and unroofing processes in the volcanic arc like the Japanese Islands.
Conclusions
In addition to the traditional modal analyses, heavy mineral and garnet chemical composition analyses of sandstones were carried out on the Late Cretaceous Terasoma Formation and the Palaeogene Otonashigawa accretionary sequence, Kii Peninsula, Southwest Japan. The stratigraphic changes of modal compositons, heavy mineral assemblages and chemical composition of detrital garnets were recognized in the sequences. These changes can be ascribed to roofing and unroofing processes of their hinterlands corresponding to the sedimentation of the Terasoma Formation and the Otonashigawa accretionary sequence, respectively. Owing to the roofing formed by socalled the Late Mesozoic felsic volcanisms in the Inner zone of Southwest Japan, the modal compositions of the sandstones in the Terasoma Formation show an upward change from feldspathic wacke to lithic wacke and the heavy mineral assemblages also changed from the ones rich in allanite, epidote and titanite to the ones dominated by euhedral zircon. Moreover, the compositions of detrital garnets also show an upward change from various types (L, Ia, H, G) to L type. On the other hand, the modal compositions of the sandstones from the Otonashigawa Accretionary Sequence show an upward change from lithic wacke to feldspathic arenite. The heavy mineral assemblages also change from the ones containing greenish-brown commonhornblende to the ones dominated by allanite, epidote and titanite and the compositions of detrital garnets show an upward decrease of the pyrope-rich almandine (intermediate P/T type) and an increase of spessartine-rich almandine (low P/T type). Euhedral zircon, allanite, spessartine-rich almandine (L), high P/T and grandite garnets are effective to recognize roofing and unroofing processes in the Shimanto Belt, Kii Peninsula, Japan.
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